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Abstract 
A new type of current  controlled  oscillator (cco) is 
presented  that  combines excelllent  control  linearity  with 
[OW timing jitter. The problem of overshoot in traditional 
relaxation oscillators is solved by using an alternative 
fo r  the Schmitt-trigger.  Circuits realised in  a 0 . 8 ~  
CMOS process  show a  HD2 < -65dB and HD3 < -85 dB 
(Af=SOO kHz).  The measured phase noise is smaller  than 
-1OOdBc/Hz at lOkHz carrier  oflset frequency a1 
FoSc=l.5 MHz  for a  supply  current of 360M.  
1. Introduction 
Hifi sound FM (de)modulation circuits require PLL 
circuits in which  the controlled  oscillator  combines high 
control  inearity with  low jitter. As high linearity in 
conventional  controlled  oscillators implies a small 
Schmitt-trigger delay and thus a large equivalent noise 
bandwidth, a poor timing jitter often results. Usually a 
controlled  oscillator  is  designed for low jitter  at  the 
expense of poor  control  linearity.  Compensation 
techniques are then applied to restore control linearity 
[I]. In this article  a new CCO principle is introduced that 
allows low jitter  to  be achieved without any deterioration 
of control  linearity. 
1. Linearity and jitter of a  conventional 
relaxation oscillator 
Fig. 1 shows  a  realisation of a  conventional  relaxation 
oscillator in which  the Schmitt-trigger  reverses the 
direction of the capacitor  current IC whenever the voltage 
Vc reaches one of both decision levels. In case of an 
ideal Schmitt-trigger this results in a linear relationship 
between the control current ICH~GE and the oscillation 
frequency. In practice however the Schmitt-trigger 
exhibits  adelay time ‘ctrig which is independent of 
ICHARGE, so that: 
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Figure 1. The relaxation oscillator and its 
waveforms. 
Tosco, ‘cdelay and ‘ctriig are  defined in figure 1. The non- 
linearity in the relationship ICH~GE(FOSC) yields 2nd order 
distortion: 
HD2 = 
In order  to minimise HD2 the trigger needs to be fast 
(T~, small). Unfortunately this increases the jitter in this 
type of oscillator,  as will be shown next. 
The primary sources of jitter in the relaxation 
oscillator  are noise on I C H ~ G E  and noise in the Schmitt- 
trigger, the latter which can be modelled by an equivalent 
noise voltage source at its input v , , ~  (see fig. 1). This 
noise voltage can be thought added to both internal 
voltage decision levels of the  Schmitt-trigger. In [2] it is 
shown that the jitter contribution due to the Schmitt- 
trigger’s  equivalent  voltage noise is given by : 
d f ’ T d e l a y  - 4 ’ 4 ’ T ~ r i g  
2 
- 
2 
oATosc  = 6 .  a2 . 2 O.S<acI 
(Slopere,cu 1’ 
in which (3, is the rms value of v, and sloperela is the 
slope of the capacitor  voltage in the relaxation oscillator. 
If  the power spectral density of v , , ~  is represented by 
an equivalent  resistor R,,e, then : 
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This leads to a design conflict : a good linearity ( T ~ ~  
small) leads to a poor jitter performance. The coupled 
sawtooth oscillator introduced in this paper allows an 
independent optimisation for jitter and linearity. As a 
result the coupled sawtooth oscillator will show far less 
jitter than  the relaxation oscillator when  compared under 
equal  linearity conditions. 
2. Linearity of the coupled sawtooth 
oscillator 
In  the coupled  sawtooth oscillator only rising edges of 
capacitor voltage waveforms determine the oscillation 
period, an idea also used in [3]. The exact timing of 
falling edges is not important as long as capacitors are 
discharged in time to enable  a new cycle. A decision to 
start charging  a  capacitor is made  whenever another 
capacitor voltage crosses a certain voltage level VmFl 
(see fig. 5 ) .  This voltage level is the equivalent of the 
Schmitt-trigger's internal voltage  decision levels. 
The crucial difference with respect to the relaxation 
oscillator and  with  the design in [3] is that  the decision to 
start a new ramp  is  not  taken fast, but rather as slowly as 
possible. This is shown in figure 5 : each new rising 
capacitor voltage  ramp  is started gradually. This leads to 
an effective filtering of  noise present on VREF~ (as will  be 
shown in section 3) and this can be done without  harming 
the  linearity  of  the oscillator. 
The mechanism by which a new ramp is gradually 
started is  implemented by using a differential pair. Figure 
2 shows the basic implementation of one stage in the 
coupled sawtooth oscillator. 
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Figure 2. Implementation of stage i in the coupled 
sawtooth oscillator. 
The fore mentioned differential pair consists of 
transistors M1,2. The gate of transistor MI is the reference 
gate of  the differential pair and it is connected to a 
constant bias voltage V R E ~ ] .  The gate of transistor M2 is 
the control gate and it is connected to another  capacitor 
in the oscillator. The  speed by  which  the differential pair 
turns on the capacitor's charging current is determined 
by the rising slope of the capacitor  voltage  connected to 
the  control gate. Transistors M3 and  M4  and  the 
comparator control the discharging of the capacitor. The 
oscillation frequency is controlled by IcHARGE . 
By means of figure 3 it will be made clear now that 
this gradual starting of a  capacitor  voltage  ramp using a 
differential pair preserves  the control linearity of the 
oscillator. The solid curve A in the  upper half  of figure 3 
show the linearised relationship between the capacitor 
current IC] and  the control gate voltage of  the differential 
pair (which  equals Vc4 in stage 1 of the realised 4 stage 
oscillator). The dashed curve B in the upper half of 
figure 3 represents the situation in which  the differential 
pair acts like an instantaneous  witch  without  delay 
(like the ideal Schmitt-trigger in the relaxation oscillator 
does). The  lower half  of figure 3 shows the resulting Vcl 
curves A and B which  can  be calculated by integration of 
respectively the  Icl curves A and B, since the horizontal 
axis in the upper graph  is equivalent to time. This  can be 
seen in figure 5 ,  where Vc4 is linear with time at the 
moment i t  crosses VREFI: 
O1 
Figure 3. Waveforms in the first stage of a 4 stage 
coupled sawtooth oscillator  when Vc4 crosses VREF1. 
Despite the gradual start up of a capacitor voltage 
ramp, the linearity in the relationship FOSC(ICHARGE) is 
guaranteed when  the solid VCl curve A overlaps the 
dashed Vcl curve B in their joint linear parts, 
irrespectively of  the  value  of I C H ~ G E .  This is equivalent 
to saying that the integrals from left to right of the Icl 
curves A and B should be equal from the moment the 
integration reaches the point where these two ICl curves 
overlap, irrespectively of I C ~ R G E .  
This situation is guaranteed if the areas 1 and 2 in the 
upper half  of figure 3 are equal  or in other  words if the 
transfer curve of the differential pair is point  symmetrical 
in the point where IC = 0.5ICHARGE , irrespective of the 
value of ICH~GE. It can be shown that a  constant offset 
voltage in the differential pair does  not  harm the linearity 
of the oscillator either. 
3. Jitter of the  coupled sawtooth oscillator 
Similar to  the situation in the relaxation oscillator, the 
jitter introduced by noise on the decision voltage level 
VEFl can be calculated. The  only  difference  now  is that 
the trigger action is replaced by an integrating action as 
is shown in situation A of figure 4. During the time  frame 
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TsWmCH when  Vc4 crosses V ~ F ,  , the noise voltage v, equivalent  representation of situation  A. Only now 
present on  VmFl  is converted  into  a  current by the AVcl(t) is added to VmFl and the VCl ramp is started as 
differential pair and integrated, resulting in a Capacitor Soon as Vc4 crosses (VmFl+AVCl(t)). Both situations A 
voltage fluctuation AVcl(t), causing an error AT in the and €3 result in the Same emor AT. 
oscillation  period.  Situation B in figure 4 shows the 
vc4 
AVC, (t) 
0 :-+ t 0 
: Tswitch - t  *’ 
(4 (8) 
Figure 4. The  effective filtering of  noise  on the reference voltage level during start up of  a  ramp. 
Now the jitter  contribution CT’AT can be calculated 4 . k . T . R n , e ,  1 
similar to the approach followed in the analysis of the 
relaxation oscillator [ 1 ] : 
O& = .- (3) 
TSWITCH 
2 Compared with eq. 1 the improvement in jitter becomes 
OAT = 
2 OA Vc (2) apparent  since  TSWITCH >> T ~ ~ .  
(s[oPes,w Y If a  comparison of the coupled  sawtooth  oscil a or 
In order to calculate C T ~ ~ ~ ~  first AVc(t) is calculated : and the relaxation oscillator is made with respect to jitter 
caused by noise on the oscillators  decision level 
A i c ( t ) d t  = -. I v n ( r ) d r  coupled  sawtooth,  one can prove that the jitter  ratio 
Tswifch equals  (under the assumption of equal Tosc , VCma  and 
] I  I including  the  effects of the number of stages in the A V c ( t )  = -. C 
Tswifch Tswifch 
Rn.eq ): 
in which Tsw~cH (fig. 4) equals C/g,  and  g, is the trans- 
conductance  of  the  differential pair defined in fig. 3. 
Inswitch and its power spectral density <p,(f) is This  ratio is independent of n. This  ratio  should be 
constant then it can be shown that : compared with the final current  consumption  ratio of the 
2 I I two oscillators. In  the  next section measured phase noise 
of a 4 stage  coupled sawtooth oscillator  is  compared with 
that of a theoretical relaxation oscillator with the same 
control linearity and overall power  consumption. 
QTosc.saw 
If the noise bandwidth of v, is much larger than OToosc.re/ar 
O A V C  = @ v n  ‘- 
Inserting  this  expression in (2) gives : 
= 4 .  k . T .  Rn,eq .- 
TSWITCH TSWITCH 
Figure 5. The  capacitor  voltage  waveforms  in  a 4 stage  coupled sawtooth oscillator. 
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4. Realisation  and  measurement results 
A chip realisation has been made in a 5V 0.8pm 
double metal single poly CMOS process for application 
in video sound FM (de)modulation. The oscillator 
consists of 4  identical stages which are used to generate 2 
quadrature outputs. Output signal OUT1  is generated 
using  the  rising capacitor voltage ramps in stages 1 .and 3 
and OUT:! is  based on stages 2 and 4. Figure 6 shows the 
current biasing scheme. The phase difference between 
the 2 output signals can be modified by means of Vquad 
independently  of  the  oscillation frequency. The 
oscillation frequency is given  by : 
Figure 6. Current  biasing  scheme. 
Figure 7 shows the measured FOSC(ITUNE). Using the 
measured  values,  the distortion  ithe ITUNE(FOSC) 
relationship  is calculated  with Fosco = 1.8 MHz and Af = 
500 kHz (!) : HD2 = -67dB and HD3 = -90dB. 
3 
++++ 
+ + +  
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Figure 7. The  measured Fos&~NE). 
Figure 8 shows the measured sideband power spectral 
density below carrier power (Fosc = 1.5 MHz, ITUNE =
120pA). In this sideband measurement  the  xternal 
applied noise irnpedance at the VEFl level is 24kQ and 
external noise impedance applied at the sources of M5,6 
in figure 6 is 1,.35kR. Table 1 summarises the circuit 
caracteristics including measurement  results. 
Calculations show that  he sideband power density 
below carrier power of a relaxation oscillator with the 
same oscillation frequency, control  linearity, power 
consumption, maximum capacitor voltage  and  noise 
power density at the decision levels of the  Scmitt-trigger 
is 14 dB worse with respect to the measured results of 
the  coupled sawtooth oscillator. 
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Figure 8. Measured  sideband  power  spectral 
density  below carrier power; FOSC = 1 SMHz. 
Table 1. Circuit characteristics 
I VDI, I 5v -. ^. .
VREFl 
20pF CTOT 
L V  
HD2 ImNE(Fosc) (Af=SOOkHz FOSC=I .8MHz) 
HD3 I ~ ~ ( F o s c )  (Af=SOOkHz FOSC=I  .8MHz) 
-67dB 
-90dB 
sideband Dower density  below -102 dB 
I carrier power (iOkHz) @ Fbsc=1.5MHz I 1v-m @ Fncrzl .SMHZ I 360uA 
6. Conclusions 
A new current controlled oscillator  principle is 
presented that combines high control linearity with low 
timing jitter. Compared with theoretical  results of a 
relaxation  oscillator designed with equal control linearity 
(HD2 = -67 dB @ Af=500 kHz), oscillation frequency 
and power consumption the measured phase noise of an 
integrated 4 stage coupled sawtooth oscillator shows an 
improvement of 14  dB. 
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